The ability of bifidobacteria to synthesize six water-soluble vitamins (thiamine, folic acid, nicotinic acid, pyridoxine, vitamin B12 and riboflavin) was systematically investigated with twentyfour strains of five species derived from human feces. The vitamins synthesized were determined as those accumulated in cultures grown in a semi-synthetic medium. For the vitamins other than vitamin B12 and riboflavin, extracellular liberation was also examined with the supernatant fluids obtained after removing cells from the cultures. Manystrains of the bifidobacteria investigated could indeed synthesize five of the vitamins, the exception being riboflavin. A large portion of each of the vitamins synthesized was excreted into the medium.Theconcentrations of the vitamins, especially thiamine, nicotinic acid and folic acid, accumulated varied widely among different species or strains. Onthe basis of the results, these bifidobacteria could be divided into three general types according to the abilities to accumulate thiamine, nicotinic acid and folic acid. These three vitamins were accumulated in all the strains ofB. bifidum and B. infantis as well as in manystrains of B. breve and B. longum but the vitamin concentrations were significantly higher in the former species (higher-accumulators) than in the latter species (lower-accumulators). On the other hand, none of these three vitamins were detected in moststrains of B. adolescentis or in somestrains of B. breve and B. longum (non-accumulators). Non-accumulator strains of B. adolescentis required thiamine and nicotinic acid for maximal growth in a complete synthetic medium. Further studies on thiamine synthesis revealed that the addition of exogenous thiamine to the mediumsignificantly reduced the level of thiamine accumulated in a culture of a lower-accumulator strain of B. longum but did not affect the vitamin level in a higher-accumulator strain ofB. bifidum. These findings were discussed in relation to the vitamin biosynthesis and its regulation in bacteria.
The bifidobacteria are generally believed to synthesize and liberate extracellularly many kinds of vitamins, such as thiamine, folic acid, nicotinic acid, pyridoxine and vitamin B12}~3)
This characteristic of the bifidobacteria has been expected to be important for the vitamin supply in humans,4~7) because these bacteria constitute a major part of the humanintestinal flora.8~9) However, information on the vitamin productivity of these bacteria and the utilization of the bifidobacteria-synthesized vitamins by humans was mostly gathered in the ten years during which the bifidobacteria were included in the genus Lactobacillus as one species, L. bifidus. These bacteria are classified at present in the separate genus Bifidobacterium and strains derived from human feces are divided into five species.10) Therefore, it would now be meaningful to clarify whether the ability to produce vitamins is a general characteristic of all five human species. Furthermore, it is also an interesting question as to whether the productivity of vitamins in bifidobacteria is affected by exogenous vitamins and related compounds such as precursors, since bifidobacteria would be continuously exposed to these compounds in the humanintestinal tract.
In the course of an investigation on vitamin synthesis and its regulation in bifidobacteria, we first examined systematically the ability to synthesize six water-soluble vitamins, thiamine, riboflavin, pyridoxine, nicotinic acid, folic acid and vitamin B12, in twenty-four strains of the five species derived from human feces. As shown below, many Bifidobacterium strains could indeed synthesize five of these vitamins when grown in a semi-synthetic medium. However, the concentrations of the vitamins accumulated were different depending on the species or strains tested. The results of further work on synthesis of thiamine showed that the addition of exogenous thiamine to the mediumsignificantly decreased the level of this vitamin accumulated in a culture of a loweraccumulator strain but did not affect the vitamin level in a higher-accumulator strain,
suggesting different responses of thiamine biosynthesis to end-product regulation among different strains or species.
MATERIALS AND METHODS
Bacterial strains. Twenty-four strains isolated from human feces were used in this study (Table I) . Eight of these strains, i.e., B. bifidum E-319, B. infantis S-12, 659 and S76e, B. breve S-l and As-50, B. adolescentis E-194a, and B. longum E-194b, were kindly supplied by Dr. T. Mitsuoka ( Growth conditions. Cells of cultures grown overnight at 376C in VL mediumwere collected, washed twice in buffer solution and inoculated into the semi-synthetic medium (about 107 cells/ml). After incubation at 37°C for 48 hr, the turbidity was measured with a Klett-Summerson colorimeter with a No. 66 filter. In the semi-synthetic medium, some strains required 48 hr incubation to exhibit maximal growth, although many other strains only required 24hr to reach the stationary growth phase. Therefore, extraction and determination of vitamins synthesized were performed with cultures grown in this medium for 48hr.
Under these growth conditions, the numbers of surviving cells of all 24 strains used reached about 109 cells/ml.
For thiamine, nicotinic acid, folic acid and pyridoxine, the supernatant fluids of the cultures freed from cells by centrifugation were also used to determine extracellular vitamins.
Extraction and determination of vitamins. Thiamine was extracted and determined by the thiochrome method, as described by Glick.14) Riboflavin was extracted and determined by the lumiflavin fluorescence method, as de- ATCC7830, respectively, as assay organisms. These four vitamins were extracted by the respective described vitamin determination methods. The corrected value of a vitamin concentration was obtained by subtracting the value for the freshly prepared semi-synthetic medium from the value for the test culture grown in this medium.
RESULTS

Abilities
of bifidobacteria to synthesize six water-soluble vitamins The abilities of twenty-four strains of bifidobacteria to produce six water-soluble vitamins were examined using cultures grown for 48hr in a semi-synthetic medium. For vitamin B12 synthesis, the medium was supplemented with 1 /ig/ml of cobalt. If a particular vitamin was detected, it was regarded as having been synthesized and slightly or excessively accumulated. In the case of failure to detect a vitamin, it was regarded as either having been synthesized but not accumulated, All the strains ofB. bifidum and B. infantis were found to well accumulate thiamine with a relatively invariable quantity among test strains. B. breve and B. longum also accumulated thiamine but the averages of the concentrations were significantly lower in these two species than in B. bifidum and B. infantis The striped and open bars, the line above each bar and the numbers in parentheses are the same as in Fig. 1 . (Fig.  1) . The thiamine-productivity of B. adolescentis was considerably weak as compared with that of the other four species and four strains of B. adolescentis other than Sl-30 did not accumulate an appreciable quantity of this vitamin. In connection with this, these four B. adolescentis strains were found to require thiamine for maximal growth in the basal medium supplemented with 19 amino acids and other nutrients (data not shown). All the strains of B. bifidum and B. infantis well accumulated nicotinic acid with a relatively invariable quantity among different strains (Fig. 2) . Nicotinic acid was also accumulated in all the strains ofB. longum and two strains (As-50, Va-SN) of B. breve. The remaining strains of B. breve and four strains of B. adolescentis other than strain SI-30 failed to accumulate a detectable quantity of nicotinic acid. These four B. adolescentis strains required this vitamin for maximal growth in the complete synthetic medium(data not shown).
The nicotinic acid-accumulating abilities as well as the thiamine-accumulating abilities were appreciably weak in B. breve, B. longum and B. adolescentis as compared to those in B.
bifidum and B. infantis (Fig. 2) .
A similar difference pattern of the vitamin- The striped and open bars, the line above each bar and the numbers in parentheses are the same as in Fig. 1 .
accumulating abilities among different species was also seen for the synthesis of folic acid.
The concentrations of folic acid accumulated were significantly higher in B. bifidum and B. infantis than in B. breve, B. longum and B. adolescentis (Fig. 3) .
Pyridoxine was accumulated in all twentyfour strains, although relatively little variance in the content was seen amongthe strains or species (Fig. 4) . The striped bars, the line above each bar and the numbers in parentheses are the same as in Fig. 1 .
Vitamin B12 was found only in a small quantity in all the strains and therefore the productivities for this vitamin were indistinguishable among the five species ( Effect of the addition ofexogenous thiamine on the synthesis of thiamine As one approach to determine whether a regulatory mechanism, such as feed-back repression, similar to that well-known in amino acid biosynthesis of other bacteria,20) is also involved in the vitamin synthesis in bifidobacteria, the effect of the addition of exogenous thiamine to the mediumon the abilities to synthesize thiamine was first investigated comparatively in both a higher-accumulator and a lower-accumulator strain. The formation of thiamine in the culture during growth for 10 hr in the semi-synthetic medium with or without addition of exogenous thiamine (0.2/ig/ml) was examined using B. bifidum E-319 and B. Cultures were grown in the semi-synthetic mediumwith (#) or without (O) addition of 0.2^g/ml of thiamine, during which thiamine accumulated in the cultures was determined at the times indicated. The concentrations of thiamine synthesized when the bacteria were grown with the addition of thiamine were obtained after substracting the 0.2/ig/ml of thiamine added, (a), B. longum 5C-1; (b), B. bifidum E-319.
longum 5C-1, respectively, as representative higher-and lower-accumulator strains. In the medium without the addition of exogenous thiamine, both strains continued to accumulate thiamine during growth for lOhr but the concentration of this vitamin accumulated was higher in strain E-319 than in strain 5C-1 (Figs. 6a and b) , substantiating the results presented in the previous section (see Fig. 1 ).
Whenthiamine was exogenously added to the medium, the level of thiamine accumulated during growth was significantly reduced in strain 5C-1 (Fig. 6a) . On the other hand, the addition of the exogenous thiamine had virtually no effect on the level of thiamine accumulated in strain E-319 (Fig. 6b) . These results strongly suggest that the thiamine biosynthetic pathway is controlled by an end-product, thia- accumulator for folic acid and in most cases as a non-accumulator for thiamine and nicotinic acid. The fact that the non-accumulator strains of B. adolescentis as to thiamine and nicotinic acid exhibited growth requirements for these two vitamins means that the pathways leading to the synthesis of these vitamins are blocked in these bacteria (non-synthesizers).
In contrast, the lack of the requirements for thiamine, nicotinic acid and folic acid in the nonaccumulator strains of B. longum and B. breve suggests that these vitamins are synthesized but not accumulated in these organisms, presumably because the vitamins synthesized are exhaustively utilized for vitamin-mediated cellular metabolism.
The reduced level of thiamine synthesis in the lower-accumulator strain of B. longum during growth in the presence of exogenous vitamin (Fig. 6a) means that thiamine synthesis is subjected to feed-back repression or inhibition in this strain. Similar control of thiamine synthesis has been reported in Salmonella typhimurium2Ar~25) and Escherichia coli.26 '21) In contrast, the little or no reduction of thiamine synthesis in the higheraccumulator strain of B. bifidum in the presence of exogenous vitamin (Fig. 6b) suggests that neither feed-back repression nor inhibition is concerned in the regulation of thiamine biosynthesis and thus thiamine would be synthesized constitutively in this strain. These results also imply that the sensitivities of thiamine synthesis to end-product control are generally different between higher-and loweraccumulator strains of bifidobacteria. Similar experiments with various strains other than B.
bifidum E 319 and B. longum 5C-1 are in progress. The response of the syntheses of nicotinic acid and folic acid to feed-back control may also differ betwen higher-and lower-accumulator strains. As to the mechanism underlying vitamin synthesis in bifidobacteria, our present knowledge is too limited to permit more meaningful discussion.
Together with that on thiamine biosynthesis, therefore, further work on the enzymatic and genetic basis of biosyntheses of these vitamins may provide useful information on cellular metabolism and its regulation in these strictly anaerobic bifidobacteria. From all the findings and the discussion above, it may also be possible that the abili- which the biosynthesis of vitamins is insensitive to feed-back control, would continue to synthesize the vitamins in their habitats, unless another regulatory mechanismaffecting the level of the vitamin synthesized is present in these organisms. Therefore, the higher accumulators rather than the lower accumulators are expected to be good vitamin producers in the human intestinal tract. Whether these points can be substantiated for the individual vitamins remains to be determined by future investigations.
In connection with this, it would be interesting to examine the ability of the higher accumulators to produce the vitamins, e.g., thiamine, in the digestive tract after oral administration of these bacteria to appropriate experimental animals.
